The emission enhancement of GFP-like chromophores in the aggregated state is a great challenge due to its free conformational motions and aggregation-induced quenching (ACQ) features. Herein, the emission response of a GFP chromophore (GFPc) in its aggregated state has been greatly enhanced via combination of self-restricted effect and supramolecular host-guest complexation. Specifically, the benzene group of the GFP chromophore (HBHI) was tailored by 2,5-methoxy group to construct a self-restricted chromophore (MBHI), which shows enhanced emission response in both solutions and aggregated state compared to HBHI due to the formation of the self-restricted effect. After conjugated to adamantine (AD), the chromophore (MBIAD) exhibits aggregation-induced emission enhancement (AIEE) feature compared to MBHI in aggregated state. Moreover, the aggregated emission of MBIAD further enhances by complexation with proper b-cyclodextrin (b-CD), which reduces strong ACQ between chromophores.
Introduction
The emission enhancement of uorophores in the aggregated state has become an application-driven requirement to enhance material emission performance due to their wide applications in photovoltaic cells, light-emitting devices, optical sensors and biological uorescent probes. [1] [2] [3] [4] [5] In this respect, a variety of methodologies have been developed to avoid the formation of delocalized excitons or strong p-p stacking between conventional aggregation-caused quenching (ACQ) uorophores, such as the utilization of a micellar nanosystem or a metal nanostructure, the formation of J-type or H-type aggregate and the alkyl substituent-mediated crystal packing. [6] [7] [8] [9] [10] [11] [12] Recently, a unique aggregation-induced emission (AIE) phenomenon was discovered by Tang and his co-workers, providing an effective approach to enhance the emission response of dened uorophores in aggregated state. 13 Further, a serious of multicolour AIE uo-rescent probes have been designed and applied to biological applications. [14] [15] [16] [17] [18] Nevertheless, novel methods for the emission enhancement of specic uorophores are still in great demands.
The chromophore, 4-hydroxybenzylidene imidazolinone (HBI), formed in situ via autocatalytic dehydration/oxidation of a Ser-Tyr-Gly tripeptide, enables green uorescent protein (GFP) eminent photophysical character, making it a powerful tool for uorescence labeling in biology. 19, 20 Surprisingly, the uorescence of either isolated or synthesized HBI diminishes dramatically by four orders of magnitude in uid solvents due to an ultrafast internal conversion caused by free conformational motion around the CC bonds. [21] [22] [23] [24] Meanwhile, the solid power of HBI is also completely non-emissive because of the strong p-p stacking between adjacent molecules. [25] [26] [27] Over past years, the emission enhancement of HBI in uid solutions has drawn great attention. 28 On the one hand, the uorescence is recovered by physical encapsulation with supramolecular hosts, polymers, porous scaffolds, proteins or ribonucleic acid, which can inhibit the conformational free motion by forming a conned environment. [29] [30] [31] [32] On the other hand, chemical modication of the chromophore has also been applied to enhance the uorescence emission. An effective strategy is to develop conformational locked chromophores via chemically locking strategy, which greatly suppresses the chromophores' free torsional rotations and results in highly luminescent chromophores. 33, 34 Recently, our research group has constructed a family of unlocked self-restricted GFP chromophore analogues with dramatic emission enhancement in uid solutions. 35 Considering the non-emissive and ACQ nature of HBI, it is a great challenge to enhance its emission response in aggregated state in solutions. Cyclodextrins (CDs) are characteristic of a hydrophilic exterior surface and a hydrophobic interior cavity, which can accommodate a wide range of molecules as guests. Among the varieties of such host-guest pairs, the inclusion complex of b-CD and adamantly group (AD) has been mostly investigated due to their high association constant. 36 This host-guest interaction has been greatly employed to build supramolecular assemblies. 37 Given the exibility of supramolecular chemistry, host-guest interaction turns out to be an effective approach to tune the optical properties of uorescent polymers or dyes.
38-40
We tried to learn from previous reports of emission enhancement by alkyl substituent-mediated crystal packing and arti-cially engineered porous scaffolds, which inspires us to investigate the possibility of enhancing the emission of HBI in aggregated state via combination of self-restricted effect and supramolecular host-guest complexation. 30, 41 Hopefully, the dual function would greatly enhance the uorescence of HBI in its aggregated state.
Herein, we report the emission enhancement of HBI in the aggregated state via the combination of self-restricted effect and host-guest complexation. By 2 + 3 cycloaddition, the selfrestricted chromophore (MBHI) was constructed, which shows enhanced emission response in both solutions and aggregated state compared to the GFP chromophore (HBHI) due to selfrestricted effect. Aer conjugated with adamantine (AD), the chromophore (MBIAD) exhibits some aggregation-induced emission enhancement (AIEE) feature compared to that of MBHI in the aggregated state. Moreover, the aggregated emission of MBIAD further increases aer complexation with proper b-CD due to its isolation effect, which can reduce strong p-p interaction between chromophores. By controlling the amount of b-CD, the emission of the assembled complex can also be tuned. As a demonstration, the emission enhanced chromophores have been applied to cell imaging, providing another effective approach for the application of GFPc analogue in aggregated state (Fig. 1 ). All other reagents and solvents were purchased commercially and used without further puri-cation. For cell experiments, MCF-7 cells (a human breast adenocarcinoma cell line) were purchased from ATCC. DMEM (Dulbecco's modied Eagle's medium), FBS (fetal bovine serum), antibiotics (50 units per mL penicillin and 50 units per mL streptomycin) were all purchased from ThermoFisher. . Transmission Electron Microscopy (TEM) studies were performed with a JEOL JEM-100CX-II instrument at a voltage of 200 kV. Samples were prepared by drop-casting complex solutions onto carbon-coated copper grids and then air-drying at room temperature before measurement.
Experimental section

Materials and chemicals
2,5-Dimethoxybenzaldehyde, 2-aminoethanol, b-cyclodextrin (b- CD), methyl-b-cyclodextrin (Me-b-CD), triacetyl-b-cyclodextrin (Ac- b-CD), 1-adamantanecarboxylic acid, N-(4-pyridyl)dimethylamine (DMAP), N,N 0 -dicyclohexylcarbodiimide
Characterizations
Synthesis
General procedure for synthesis of GFPc analogue. GFPc analogue was conveniently synthesized through a 1,3-dipolar, [2 + 3] cycloaddition of an imide with aromatic Schiff bases as reported by Deng.
29 Briey, Schiff bases were prepared by combining the given aromatic aldehyde (1 mmol) with ethanolamine (1.1 mmol) in ethanol for 12 h at room temperature. Then, the solvent was removed under vacuum and methyl 2-(1-ethoxyethylideneamino)acetate (1.1 mmol) was added in ethanol. The reaction was allowed to stir overnight under ambient conditions. The progression of the reaction was monitored by thin-layer-chromatography. Finally, the mixture was puried by silica gel column chromatography using ethyl acetate and petroleum ether as the solvents.
Synthesis of 4-(2,5-dimethoxylbenzylidene)-1-hydroxyethyl-2-methyl-5-imidazolinone (MBHI). 2,5-Dimethoxybenzaldehyde was stirred with 2-aminoethanol in ethanol in a molar ratio of 1 : 1.1 to get the Schiff bases, which then reacted with methyl 2-(1-ethoxy-ethylideneamino)acetate (MEEA) to obtain the crude products. Products were puried by silica gel column chromatography and characterized by 1 
Synthesis of 2-(
4-(2,5-dimethoxylbenzylidene)-2-methyl-5- imidazolinone)ethyl adamantane-1-carboxylate (MBIAD). A mixture of 4-(2,5-dimethoxylbenzylidene)-1-hydroxyethyl-2- methyl-5-imidazolinone (MBHI), 1-adamantanecarboxylic acid, N-(4-pyridyl)dimethylamine (DMAP),
Cell experiments
Cell culture and imaging. MCF-7 cells (a human breast adenocarcinoma cell line) were seeded in exiPERM reusable cell culture chambers in combination of glass coverslips and cultured in DMEM (Dulbecco's modied Eagle's medium) supplied with 10% FBS (fetal bovine serum) and antibiotics (50 units per mL penicillin and 50 units per mL streptomycin) at 37 C under a humidied atmosphere containing 5% CO 2 . Aer 24 h of culture, the self-assembled complexes were added to the culture wells, and the cells were incubated at 37 C for 30 min.
Aer washing with PBS three times, the cells were xed with 4% formaldehyde for 15 min at room temperature, and then the slides were mounted and observed using a Leica DMI6000B. The excitation wavelength for all samples was 405 nm. Cytotoxicity measurements. The cytotoxicity of the complex was determined using an MTT viability assay against MCF-7 cells. Firstly, MCF-7 cells were placed into 96-well plates at a density of 1 Â 10 4 cells per well in 200 mL medium. Aer 24 h, the culture medium was replaced with 200 mL of serial dilutions of aggregates. The cells were cultured for another 48 h. Then, 20 mL of 5 mg mL À1 MTT assay stock solution in PBS was added to each well. Aer 4 h, the medium was replaced with 200 mL of DMSO, and the absorbance was measured using a BioTek Synergy H4 at a wavelength of 490 nm.
Results and discussion
Synthesis of chromophores
Conveniently, all chromophores were prepared by a 2 + 3 cycloaddition method with high yields. Through an esterica-tion reaction, AD was covalently linked to MBHI to obtain MBIAD. Firstly, HBHI was designed and synthesized as a model compound of GFP core chromophore HBI, which further serves as a control for MBHI and MBIAD. To construct the selfrestricted chromophore, the benzene ring of HBHI was tailored by 2,5-methoxy group to get MBHI. The molecular structures of HBHI, MBHI and MBIAD are given in Scheme 1.
Scheme 2 The synthetic routes for MBHI and MBIAD, which involve a 2 + 3 cycloaddition followed by another esterification reaction. 
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Synthetic procedures are shown in Scheme 2 and details of characterizations are given in the Experimental section.
Optical properties in uid solutions
As shown in Fig. 2 , the common optical properties of synthesized chromophores were tested in ethyl acetate (EA). For HBHI, the absorption peak is at around 368 nm, which redshis to 392 nm in the case of MBHI due to the formation of the selfrestricted effect. And, the absorption shows little change aer conjugating to AD (MBIAD). However, with the same concentration, HBHI is almost non-emissive in EA; while self-restricted MBHI is highly emissive with an emission peak at about 475 nm, which is in agreement with reported results. 35 Aer conjugating to AD, the emission enhances by 1.2-fold at the same concentration, which might be ascribed to the reduced hydrogen bonding effect for MBHI.
Subsequently, the solvent dependence of absorption and emission were readily recorded in both aprotic and protic solvents. As shown in Fig. 4A , MBIAD shows an intense absorption peak at 392 nm in Hex. In aprotic solvents, the absorption spectrum and peak hardly changes from Hex to ACN. In MeOH, the absorption peak redshis about 398 nm and the secondary absorption peak at about 347 nm strengthens due to the inuence of solvent-solute hydrogen bonding. 43 Generally, the absorption of MBIAD shows little dependent on solvent polarity, which obeys the same rule for that of MBHI and HBHI ( Fig. 3A and S8 †) . However, the absorption peak of HBHI blueshis to around 370 nm and hydrogen bonding effect has a small inuence on MBHI and little inuence on HBHI. Meanwhile, as shown in Fig. 4B , the emission of MBIAD displays a single peak at about 445 nm in Hex. Upon going from Hex to MeOH, the uorescence emission peak exhibits an obvious red shi of about 100 nm from 445 nm to 542 nm, showing a remarkable solvatouorochromism feature. 35 The emission peak further redshis in MeOH due to strong solventsolute hydrogen bonding. 43 In the case of MBHI, obvious solvatouorochromism feature is also observed with the increasing of solvent polarity from Hex to MeOH (Fig. 3B ).
Fluorescent property in aggregated state
To investigate the uorescent property in aggregated state, the emission spectra of these three chromophores were measured in mixed solvents of DMF (a good solvent) and water (a poor solvent).
As shown in Fig. 5A , HBHI is weakly emissive in DMF, which shows two-orders of magnitude reduction compared to that of MBHI and MBIAD. With the increasing of water content in the mixed solvent, the emission further decreases due to strong pp interaction. 25 In the case of MBHI, as shown in Fig. 5B , obvious uorescence with an emission peak at 478 nm is observed in DMF. With the increasing of water content, the uorescence quenched heavily accompanied by large red shis to 540 nm due to strong hydrogen bonding and p-p interaction in aggregated state. This phenomenon agrees well with the typical aggregation-caused quenching mechanism.
44
For MBIAD, with the increasing of water content, the emission intensity decreases below 80% water content, which follows the same reason of strong solvent-solute H-bonding and p-p interaction; but enhances 4-fold in the cases of higher water contents with obvious blue-shi of about 47 nm (Fig. 5D) , showing typical aggregation-induced emission enhancement phenomenon. 13 The enhanced emission can be ascribed to the extrusion of water from the aggregates and the segregation effect of AD in the compact aggregated state, which reduces the strong H-bonding and p-p interaction greatly.
To further enhance the uorescence emission in aggregated state, the effect of host-guest complexation between CD and AD is investigated. As depicted in Fig. 6A , HBHI is almost nonemissive. Under the same condition, the great enhancement of emission for MBHI is due to the inuence of self-restricted effect and the further emission increase of MBIAD is owing to Fig. 4 The normalized UV-Vis absorption (A) and fluorescence emission spectra (B) of MBIAD in various solvents from Hex to MeOH. The excitation wavelength was the corresponding absorption maximum. Fig. 3 The normalized UV-Vis absorption (A) and fluorescence emission spectra (B) of MBHI in various solvents from Hex to MeOH. The excitation wavelength was the corresponding absorption maximum. Fig. 2 The normalized UV-Vis absorption (A) and fluorescence emission spectra (B) of HBHI, MBHI and MBIAD in ethyl acetate (EA). The excitation wavelength was the corresponding absorption maximum.
the segregation effect of AD in aggregated state. Actually, the emission in Fig. 6A serves as control experiments for the corresponding results with different kinds of CDs. As shown in Fig. 6 , the uorescence is very dim for HBHI in all cases due to the non-emissive nature and strong internal molecular interactions. 45 Meanwhile, the emission intensity of MBHI hardly changes regardless of the addition of different kinds of CDs. MBHI can't interact with CD through host-guest complexation from the result of 1 H NMR tests (Fig. S9 †) , which has little inuence on the self-aggregating process of MBHI molecules. For MBIAD, the complexation with b-CD enhances the emission by 1.5-fold compared to MBHI, which is due to the segregation effect of b-CD in the aggregated state caused via the host-guest interaction. Moreover, the complexation with Me-b-CD further enhances the emission by 2.0-fold because the hydrophobic effect of Me-b-CD can better isolate the chromophore and inhibit its free conformational motion. 46 However, the emission is hardly affected in the case of Ac-b-CD due to the big steric hindrance of the acetyl group which hinders the complexation between AD and CD.
To make it clearer, the emission spectra of different chromophores with varied CDs were overlapped in Fig. 7 . In all cases, the model compound of GFP chromophore, HBHI, is completely non-emissive. For MBHI, the aggregated emission enhances greatly compared to that of HBHI due to the selfrestricted effect. 35 However, the addition of different CDs hardly affects its emission response because the aggregated process can't be disturbed due to the lack of interactions between MBHI and CDs. In the case of MBIAD, the aggregated emission further enhances compared to that of MBHI owing to the segregation effect of AD group to the bulk chromophores. And, the complexation with b-CD further increases the emission intensity due to the better segregation effect of CD compared to that of AD. 46 Meanwhile, the complexation with Me-b-CD results in the maximum emission intensity due to the hydrophobic nature of Me-b-CD. But, the addition of Ac-b-CD shows little inuence compared to MBIAD control because the large steric hindrance of the acetyl group inhibits the complexation between AD and CD. Importantly, the aggregated emission enhances more than 100-fold for MBIAD-Me-b-CD complex compared to that of the GFP chromophore HBHI. Through the above results, the self-restricted effect and host-guest complexation between AD and CD are essential for the emission enhancement in aggregated state.
Tuning of aggregated emission
Typically, intermolecular interactions such as hydrogen bonding can also act as driving force to construct complexes. 47 As shown in Fig. 8A , the aggregated emission of MBIAD in complexation with different molar ratio of Me-b-CD was further investigated. With the increase of Me-b-CD from 0 to 1 eq., the aggregated emission enhances gradually due to the increase of complexation between AD and CD. Aer further increase of the ratio of Me-b-CD, the aggregated emission still enhances gradually (from 1 : 1 to 1 : 5). It is generally reported that AD and CD can form complexation in a 1 : 1 molar ratio. 48 Under higher molar ratio, the additional CD can further segregated the chromophore via molecular interactions with MBIAD-Me-b-CD complex, which will decrease p-p stacking, resulting in the further enhancement of uorescence emission. 49 Meanwhile, the uorescence emission can also be tuned by adding different amounts of AD. As shown in Fig. 8B , the uorescence emission decreases with the increasing of AD due to the competitive complexation of AD and MBIAD with CD. Denitely, the supramolecular host-guest complexation turns out to be a fabulous method to tune the emission response of GFP chromophore in aggregated state.
Cell imaging
GFP has been widely used for cell imaging or tracking in biology. 20 To study the possibility for cell imaging, the morphology of the assembled complex between Me-b-CD/ MBIAD with a 2 : 1 molar ratio was rstly investigated using both TEM and DLS tests. As shown in Fig. 9 , the assembled complex can form a sphere nanoparticle with a diameter of around 55 nm from both results. Considering the enhanced emission of MBIAD in aggregated state, the potential application in cell imaging was also further studied. The cytotoxicity of MBIAD-Me-b-CD complex was evaluated by MTT assay using MCF-7 cells. As shown in Fig. 10A and B, the cell viability of MCF-7 cells treated with different mole ratios and concentrations of the assembled complex demonstrate little cytotoxicity even when the concentration is up to 40 mM aer co-cultured for 24 hours. Thus, the MBIAD-Me-b-CD complex can be further applied to cell imaging. As shown in Fig. 11 , both complexes with a 1 : 1 and 1 : 2 molar ratio can enter into the MCF-7 cells with yellow uorescent signals, which enhance gradually with increasing time. However, stronger yellow uorescence with the complex of 1 : 2 ratio can be observed under the same condition, demonstrating the ability of MBIAD-Me-b-CD complex for cell imaging application.
Conclusions
In conclusion, the emission enhancement of the GFP chromophore in aggregated state has been greatly enhanced via combination of self-restricted effect and supramolecular hostguest complexation due to the inhibition of molecular motion and the reduction of p-p interaction. With the inuence of supramolecular host-guest complexation, physically molecular interactions can also further enhance the aggregated emission response. Moreover, the aggregated emission can be easily tuned by changing the co-assembly constituents of CD, AD and MBIAD. Due to the enhanced emission and low cytotoxicity, the chromophore-based host-guest complex can be applied to cell imaging, raising the possibility toward chemical and biological applications using nanoaggregates derived from GFP-like uorophores.
